INTRODUCTION
Oceanic islands, such as the Galapagos and Hawaiian archipelagos, provide useful models for testing many evolutionary hypotheses concerning colonization, adaptation and speciation (Carson, 1983; Simon, 1987; Grant & Grant, 1989; Otte, 1989; Brown, Thorpe & Baez, 1993) . Another group of islands which have recently become the focus for study are the Canary Islands (Owen & Smith, 1990; Thorpe, McGregor & Cumming, 1993; Thorpe et al., 1994; Juan, Oromi & Hewitt, 1995; Juan et al., 1996) , a chain of seven volcanic islands in the Atlantic, lying between 60 and 190 miles off the North West coast of Africa (Fig. 1) . Together with the Azores, Madeira and the Cape Verde Islands, the Canaries belong to the Macaronesian Islands which all show common features in flora and fauna, are all volcanic in origin and have similar topographic patterns. In geological terms, the Canary Islands are relatively young. The age of the eastern islands (Lanzarote and Fuerteventura) is estimated to be between 16 and 20 million years and that of Gran Canaria between 13 and 14 million years. The western islands are even younger, with Tenerife and Gomera being between 9 and 12 million years old and La Palma and El Hierro between 1 and 3 million years old. The variations in the topography of the individual islands confirms this picture of a general reduction in age from east to west. The theory of 'hot spots' has been put forward to explain their origin, giving rise, in the first place to Lanzarote and Fuerteventura. As a result of continental drift they move gradually east towards Africa while other islands continue to form from the 'hot spot'. A number of organisms have colonized the islands from Africa and Iberia via the north-east trade winds (Oromi et al., 1991) . These organisms have radiated to produce a series of endemic species and subspecies (Thorpe et al., , 1994 Juan et al., 1995) . Juan et al. (1995) studied the phylogenetic relationships of 13 species of flightless darkling beetles (genus Pimelia) endemic to the Canary Islands using mitochondrial DNA sequences. The molecular phylogenies of the beetles supported a pattern which was compatible with the geological dating of the islands: an initial colonization event from Fuerteventura to Tenerife, then from Tenerife to Gran Canaria and La Gomera and from the latter to La Palma and El Hierro.
In Lepidoptera, the genus Gomptoyx (brimstones and cleopatras) occurs across Europe and Northern Africa including the Canary Islands. Three of the islands: Tenerife, Gomera and La Palma are inhabited by endemic species of Goneptoyx. The remaining four islands do not support Gonepteyx species. In the case of Lanzarote and Fuerteventura it is probably due to the'absence of high mountains necessary for the formation of cloud forest, the habitat of Gonephyx ori the Atlantic islands. However, their absence from Gran Canaria and El Hierro is difficult to explain particularly as the cloud forest on Gran Canaria is that closest to the African mainland. It is assumed that the Canarian butterflies (and the Canary Island fauna in general) have an African ancestry because of their close proximity to that continent, but, in view of the absence of Goneptoyx from Gran Canaria, a possible European ancestry cannot be ruled out. A fourth endemic species, G. madmsis occurs on the island of Madeira and it may be that some of the Canary island species have EuropeadMadeiran ancestry. This would still be compatible with the geological ages of the islands: Madeira is at least 20 million years older than Tenerife (the oldest Canarian island inhabited by Goneptoyx). Moreover, other studies have shown that it is not unusual for butterflies to be carried by favourable airstreams from continental Europe. In 1974, there was a sudden mass occurrence of Pieris rapue (L.)
on Madeira (WOE, 1975) and a couple of years later there was the first record of Parage aegeria (L.) on the island (Owen & Smith, 1994) . Molecular analysis should allow us to resolve the question of ancestry of the Canary Island taxa. It should also give some indication as to the series of colonization events between the islands. Do they follow a similar pattern to that found in previous studies on lizards (Thorpe et al., , 1994 and flightless beetles (Juan et al., 1995) , suggesting that island formation is the primary determinant? Or, has the different lifestyle and greater mobility of the butterflies produced different colonization sequences?
Molecular techniques have also proved useful in addressing a variety of systematic questions (Avise, 1994; De Los Angeles Barriga Sosa et al., 1995; Shimada, Kurimoto & Kobayashi, 1995) . Under the assumptions of the phylogenetic species concept (Cracraft, 1992; Davis & Nixon, 1992) it is possible to conduct systematic analyses using molecular markers. DNA sequences can be used to identift shared derived characters between individuals of closely related species. Thus, complex species groups which are difficult to distinguish on morphological grounds, may be resolved by reconstructing molecular phylogenies (De Los Angeles Barriga Sosa el al., 1995). The genus Gonepteyx has numerous species which, morphologically, appear very similar to one another. In particular, the cleopatra-species group (which includes the Canary Island species) has been the subject of some controversy. According to Kudrna (1975) the group is composed of four morphologically distinct allopatric species: Gonepteyx cleopatra (with five recognised sub-species) from around the Mediterranean region and North Africa; G. mader& (Felder) endemic to the island of Madeira; and two species from the Canary Islands, G. palmae (Stamm.) endemic to the island of La Palma and G. cleobule (Hubner) endemic to the islands of Gomera and Tenerife. Arguments have arisen over the grouping of the buttedies from Gomera and Tenerife. Rehnelt (1 974) and Ziegler & Jost (1990) classifjr the butterflies from Gomera and Tenerife as separate species, G. eversi (Rehnelt) and G. cleobuk, respectively, citing as evidence the slight variation in female wing coloration. Further evidence, in favour of the latter classification, was the result of a study comparing the ultraviolet wing patterns of these species (Brunton, Russell & Majerus, 1996) . This also indicated that cleobule and eversi were distinct. Kudrna (1975) , however, dismissed Rehnelt's (1974) classification on the grounds that the colour patterns were insignificant when compared with the male genitalia of cleobule and eversi which, he states, are identical. Reconstructing a phylogeny using DNA sequences should help to resolve this debate. If the butterflies from the islands of Gomera and Tenerife are of different species, their DNA sequences should be phylogenetically distinct.
Our aim was to answer three questions pertinent to the endemic Canarian Goneptoyx. First, what was the colonization sequence between the islands. Was it similar to other that of other Canarian fauna which corresponded to the geological ages of the islands or did the increased mobility of butterflies render a different pattern of colonization? Second, was the ancestor of the Canarian butterflies African or European? Third, do the extant Canary Island brimstones form two or three species?
We analysed the molecular phylogeny of Grmgtoyx butterflies from the Canaries, Africa, Madeira and continental Europe using part of the sequence of the mitochondrial Cytochrome Oxidase subunit I block (CO I>.
MATERIAL AND METHODS
Canarian GonepQx butterflies were collected during the month of April 1995. Other species were collected at various times between 1993 and 1995. The location and distribution of the seven species used in the analysis are detailed in Figure 1 .
Live insects were posted back to the laboratory and frozen at -70°C. Details of collection sites, sex and numbers caught are given in Table 1 . The sequences for comparative purposes, are those of Colias crocea, a related genus, and Manduca sexta (obtained from Gen-bank).
DflA preparation, PCR amplijcation and sequencing
Genomic DNA was extracted from the abdomens of single individuals by grinding frozen tissue, re-suspending it in 250pl digestion buffer (1OOmM Tris HCL pH 8.0, 80mM EDTA, 1 % SDS, 160mM sucrose) and digesting it overnight with 2 . 5~1 proteinase K (at a concentration of 5mg/ml) at 37°C. The DNA was then purified by phenol-chloroform extraction and re-suspended in 100 pl sterile distilled water. Two oligonucleotide primers for the mitochondria1 CO I block (derived form the R.G. Harrison laboratory, Cornell University) were used for PCR amplification (5'-GGATCACCTGATATAGCATTCCC-3' and 5'-CCCGGTAAAATTAAMTA-TAAACTTC-3'). Each PCR reaction of 50 pl contained lx(NH+),SO, buffer (Bioline), 
MgCl,, 1 unit Taq polymerase (Bioline), 0.2mM of each nucleotide (Pharmacia), 20 pmol each primer, and 0.5pl 10% genomic DNA. PCR cycles on a Hybaid omnigene machine consisted of 1 cycle of denaturation at 94OC for 1 min; 35 cycles at 94OC for 15s, 54OC for 1 min and 72°C for 40s; 1 cycle at 94" for 15s, 54OC for 1 min and 72OC for 10 min. The PCR products were run out on a 1% agarose gel, and a product of 350bp excised from the gel and purified using Prepa-gene-clean kit (Biorad). This was then sequenced using cycle sequencing in the presence of dye-labelled terminators. The resultant products were visualized on an ABI automated sequencer. Both strands were sequenced completely using each original PCR primer in turn.
Phylogenetic analyses
Sequence data were aligned by eye and maximum likelihood and maximum parsimony analyses of sequence data were performed using the PHYLIP version 3 . 5 6~ (Felsenstein, 1993) and PAUP version 3.0s (Swofford, 199 1) computer software packages respectively.
Maximum parsimony trees were produced using a branch and bound algorithm and confidence limits for branches of the most parsimonious tree were estimated by 1000 bootstrap replications.
Trees produced using the maximum likelihood phylogeny inference package (PHYLIP) were constructed without assuming a molecular clock and bootstrap values were calculated using the programmes SEQBOOT and CONSENSE with 100 iterations. Nucleotide divergence values were calculated according to the twoparameter model of Kimura (1980) using the programme DNADIST. 
RESULTS
A block of 318 bases within the C O I gene was successfully amplified and sequenced for each individual (aligned sequence data available on request). Thirtynine of the 318 nucleotide positions (12.26%) were PAUP-informative. A and T made up 7 1 YO of all haplotypes which compared to a relatively low C and G content of 29%. There were only five amino acid variations between the three Canary island Goneptmyx sequences: in codons 5,46, 56, 100 and 101. At codon 56 only G. cleobule and G. p a l m showed isoleucine whereas all remaining species showed valiie. Maximum parsimony analysis conducted using the PAUP branch and bound search with the MULPARS option not in effect produced a single shortest tree of 121 steps and a rescaled consistency index of 0.7 (Fig. 2) . Character weighting, giving less weight to third codon positions, gave a tree identical to that produced by the evenly weighted analysis. Maximum likelihood analysis using the DNAML method in PHYLIP also produced a similar tree to that of PAUP (Fig. 3) . Each tree supported monophyly for the Canary Island group and an African rather than a European ancestry. However, within the group, the Tenerifean G. cleobule and Gomeran G. eve~si, considered by some to be identical on morphological grounds, fall into different groups. In fact, G. cleobule is more closely related to the La Palman G. palmae than it is to G. mersi. according to these data. Analysing a smaller data set of only one individual from each Canary Island species and calculating confidence values further supported this result (Fig. 4) . The tree was the same whichever individuals were used. High bootstrap support again indicated the close relationship of G. cleobule and G. palmae.
The only difference between the trees produced by each method was the relationship of the Madeiran G. m a d m i s and the African G. c. cleopatra. Maximum parsimony analysis resulted in an unresolved node whereas maximum likelihood analysis supported monophyly for the Madeiran and African species (albeit with the lowest bootstrap value of 40%). A Kimura two-parameter model was used for calculating the substitution rates ( Table 2) .
DISCUSSION
According to these data Goneptayx cleopatra cleopatra (from Morocco) is more closely related to the Canary Island group, than is G. c. europaea. We thus propose that the most parsimonious hypothesis for the origin of the Canarian taxa is that it is African. The exact relationship of G. mad& (Madeira) with the Canarian endemics and G. c. cleopatra is not resolved, but given our knowledge of the ages of the islands we favour the hypothesis that there was a radiation out of Africa to both Madeira and the Canary Islands and not one from Europe. The phylogenetic trees appear to support this, albeit weakly (Figs 3, 4) . According to the phylogenetic reconstruction there appear to have been two possible colonization patterns within the Canarian archipelago. First, an initial colonization event from Africa to Gomera, then Gomera to Tenerife and then Tenerife to La Palma. Second, colonization from Africa to both Tenerife and Gomera, and then from Tenerife to La Palma. In each case only the later colonization of La Palma from Tenerife concurs with data from other organisms. From our data it would seem that Gomera was colonized before Tenerife even though Gomera is the younger of the two islands (Gomera 10 Ma BP and Tenerife 11.6 Ma BP). Butterflies are highly mobile organisms, and flight between the two islands may explain why this colonization pattern was possible. It would also explain why it differs from other flightless organisms, such as lizards and beetles, whose colonization patterns were compatible with the geological dating of the islands (Thorpe et al., , 1994 Juan et al., 1995) . However, given the fact that we do know the geological dates of the islands we favour the more parsimonious explanation, that colonization occurred from Africa to both Tenerife and Gomera more or less simultaneously, then Tenerife to La Palma. Furthermore, we do not know the role of the older islands, Lanzarote, Fuerteventura and Gran Canaria in the history of these butterflies. No species occur on these islands today but it is likely that Fuerteventura and Lanzarote may have had brimstone species in the past when the climate was more compatible with that presently found on the western islands. As the islands become hotter and drier, possibly through climate change due to tradewinds or continental drift towards Africa, they lose the lush cloud-forest vegetation inhabited by the Atlantic Gonephyx. Indeed, this may already be happening on Tenerife, where brimstones are confined to the Anaga massif in the North Eastern tip of the island. During 1995 no butterflies were seen or caught by us in the Ten0 massif (northwest) and reports indicated that they were becoming extremely rare. Similarly, on Gomera, the butterflies are now confined to a few isolated valleys which still contain forested slopes. In between these 'green' valleys the habitat of Gomera is extremely dry and barren, much like the southern half of Tenerife, or Lanzarote. It would be difficult for these species of butterflies to survive for long in this kind of terrain. What is happening now on Tenerife and Gomera may have been what happened on Fuerteventura and Lanzarote in the past: loss of habitat because of climate changes or agriculture eventually leading to the extinction of the butterfly species.
The genealogical relationships among the Canary Island taxa using mitochondrial sequences are not consistent with the morphological classifications which identlfjr only two species from La Palma and Tenerife/Gomera. Our results clearly show G. euersi (from Gomera) as a monophyletic group, separate from G. cleobub (from Tenerife). In fact, G. cleobule appears to be very closely related to G. palmae (from La Palma), which all current morphology-based classifications define as a separate species. Thus, like Juan et al. (1996) , we also reveal a discrepancy between the mt DNA phylogeny and morphological taxonomy. A characteristic of island taxa is that often they are morphologically more variable than their continental counterparts. This can be due, in part, to faster evolutionary rates of morphological traits compared to molecular characters in response to selection in new environments (Juan et al., 1996) . La Palma is a much younger island than Tenerife and colonization must have occurred within the last 2 million years (the proposed age of the island). If its most recent ancestor was Tenerifean, its mtDNA haplotype would still show congruence with that haplotype despite the establishment of a distinct morphology.
In summary, we undertook this study to answer three questions pertaining to the Canarian Gomphyx endemics. As a result we favour an African ancestry for the Canary group and a colonization sequence from Africa to Tenerife and Gomera, followed by Tenerife to La Palma. This concurs with the known age of the islands, and with other studies on flightless insects and reptiles where island formation is the primary determinant. Third, we propose that there are three species of Canary Island brimstones, Gompteyx cleobule, G. everxi and G. palmae, each an endemic of Tenerife, Gomera and La Palma, respectively.
